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Abstract. Intense infrared (IR) light emission from liquid Ar-Xe mixtures has been observed using 12 keV
electron-beam excitation. The emission peaks at a wavelength of 1.18µm and the half-width of the emission
band is 0.1µm. Maximum intensity has been found for a 10 ppm xenon admixture in liquid argon. The
conversion efficiency of electron beam-power to IR-light is about 1 % (10000 photons per MeV electron
energy deposited). A possible application of this intense IR emission for a new particle discrimination
concept in liquid noble gas detectors is discussed. No light emission was found for perfectly purified liquid
argon in the wavelength range from 0.5 to 3.5µm on the current level of sensitivity.
PACS. 29.40.Mc Scintillation detectors – 61.25.Bi Liquid noble gases – 78.30.cc Infrared and Raman
spectra: Inorganic liquids
1 Observation
We report that electron-beam excitation of liquid argon
with a small admixture of xenon leads to a very intense
emission band in the near-infrared spectral region. This
emission dominates the infrared (IR) spectrum in a similar
way as the excimer-like emission bands in liquid argon and
liquid xenon do in the vacuum ultraviolet (VUV) spectral
region [1]. The wavelength position, the spectral width,
and the shape of the emission are shown in the spectrum
of Fig. 1 (upper panel). The maximum peak intensity lies
at 1.18µm. The emission structure starts at 1.1 (5 % of
maximal intensity) and ends at 1.5µm (5 % of maximal
intensity) and has an asymmetric shape. The spectrum
was recorded with an admixture of 10 ppm xenon added
to argon. This mixture was prepared in the gas phase prior
to condensation. A 12 keV (DC) electron-beam of 1.3µA
beam current was used for exciting the liquid noble gas
mixture. To the best of our knowledge, this is the first
observation of this emission. So far we have no clear as-
signment to the species which is responsible for this IR
emission. The shape and width of the emission hints to-
wards an excimer-type transition [2] between a bound and
a repulsive state in ArXe∗∗ or Xe∗∗2
1. For comparison, the
lower panel of Fig. 1 shows the measured IR emission of
pure liquid argon. No emission was found in this spectral
range.
a Andreas Ulrich: andreas.ulrich@ph.tum.de
1 Following the nomenclature in gas kinetics * denotes the
first excited state and ** denote highly excited states of atoms
and molecules, respectively.
Fig. 1. Electron-beam induced near-infrared emission spectrum
of a mixture of 10 ppm xenon in liquid argon (upper panel). The
broadband emission feature starts at ∼ 1.1µm, peaks at 1.18µm
and ends at ∼ 1.6µm. The half-width of the asymmetrically
shaped emission structure is 0.1µm. The measured IR emission
of pure liquid argon is shown in the lower panel. It can be
seen that a potential emission in pure liquid argon is at least a
factor of 150 weaker than the emission from the mixture. The
increased noise towards the long-wavelength end of the spectra
is an artifact due to normalization by the detector response
function.
2 Motivation
The emission was found in the context of a series of ex-
periments on the emission and absorption features of liq-
uid noble gases [1,3,4,5]. This study was motivated by
the fact that liquid rare gases are presently often used
in large quantities as the detector material in rare event
physics, e.g., the search for the neutrinoless double-beta
decay (GERDA Phase II uses a liquid argon veto [6], EXO
uses liquid xenon [7]) and the direct dark matter search
(Liquid argon: WArP [8], ArDM [9,10], DarkSide [11]; Liq-
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uid xenon: XENON100 [12], LUX [13]). New experiments
using liquid rare gas targets at the ton scale are currently
under construction (XENON1T [14], MiniCLEAN [15],
DEAP-3600 [16]) and multi-ton projects (DARWIN [17,
18]) are conceived. In the sector of high-energy neutrino
physics (ICARUS [19], GLACIER [20], LBNE [21]) there
are also extensive research and development activities to
use liquid rare gas detectors. The optical properties of liq-
uid noble gases are a key parameter to fully understand
the detector modules. This aspect should be emphasized,
in particular, due to the increasing detector volumes.
Claims about infrared emission from liquid argon have
previously been made [22,23,24,25]. A spectrum in a pre-
vious publication [1] also showed a hint for an increasing
intensity in the near-infrared. This motivated us to mon-
itor the wavelength region between 0.5 and 3.5µm. We
have now reached a point in our experiments which al-
lows us to give up the restriction to work only with ar-
gon to prevent contamination of pure argon with xenon
which had been identified as a problematic impurity both
in emission [1] and absorption [5]. The possibility to re-
move xenon from argon very efficiently (see next section)
allowed us to dope argon with xenon in a controlled way.
3 Experimental Setup
The experimental setup used here has been described in
detail in ref. [3]. Briefly, a 12 keV electron-beam is sent
through a thin (300 nm) silicon nitride/silicon oxide mem-
brane [26] to excite liquid noble gases. Emitted light is
collected by reflective optics and sent into a f = 30 cm
scanning monochromator with an Al-MgF2 coated grating
with 300 linesmm and 1µm blaze wavelength. The response
function of the monochromator has not been measured.
However, based on the monochromator specifications we
assume that the shape of the emission shown in Fig. 1 is
a good approximation to the actual spectral shape of the
emission. The spectra are normalized with the detector
responsivity provided by the manufacturer of the detec-
tor. The wavelength resolution of the detection system
with a slit width of 500µm is 0.0052µm. In the present
study the spectrometer was equipped with a thermoelec-
trically cooled InAs IR detector (Teledyne Judson, Model:
J12TE3-66D-R01M-AST). Its signal was amplified with a
transimpedance pre-amplifier (Teledyne Judson, Model:
PA-6-60) and sent to a lock-in amplifier. A chopper wheel
was placed in front of the spectrometer to chop the light
and to provide the reference signal for the lock-in am-
plifier. Every spectrum presented has carefully been cor-
rected for background radiation (mainly thermal radiation
of the glowing filament of the cathode ray tube).
A key experimental aspect is gas handling. The excited
levels of noble gases lie at such a high energy that they
readily transfer energy to any kind of impurities, which
leads to energy loss for the light production. The gas is
therefore constantly circulated through a rare gas purifier
(SAES getters, Model: MONO TORR® PS4-MT3-R-2)
to remove contaminations, such as water released from
the walls, and residual oxygen and nitrogen. For the pu-
rification of argon from heavier noble gases a distillation
procedure has been added to the setup described in ref. [3].
New improvements to the measurements presented in ref.
[5] allow the cell for distillation to be precisely temper-
ature controlled and the gas is kept in a continuous flow
through the distiller. This modification allows the removal
of xenon from argon so efficiently that no spectroscopic
features related to xenon are visible either in emission
or absorption spectra. Very small quantities of xenon can
now be added to argon in a controlled way. The mixtures
were prepared in the gas phase using a precision mem-
brane capacity gauge (MKS Baratron 390H 1000).
It should be mentioned that the xenon concentration
in the liquid argon can to some extent be increased by con-
densation out of the buffer volume. Approximately 40 %
of the initial gas volume are condensed. This corresponds
to a maximum deviation of the xenon concentration in the
liquid phase by a factor of ∼ 2.5. On the other hand the
xenon concentration in the liquid could be reduced due to
condensation of xenon on the walls of the cryogenic cell.
4 Spectroscopic Results
The emission spectrum shown in Fig. 1 (upper panel) is
part of a series of spectra recorded with various xenon
concentrations in liquid argon. A first important result of
the study is that pure argon (Fig. 1, lower panel) shows no
emission in the spectral region from 0.5 to 3.5µm studied
with the solid-state IR detector attached to the spectrom-
eter. A potential emission feature in pure liquid argon is at
least ∼150 times weaker than the emission in the 10 ppm
argon-xenon mixture. Thereby, we have to revise results of
earlier experiments (Fig. 2 in ref. [1]) which showed an in-
crease in intensity towards the IR region. We now believe
that this was an artifact due to the normalization of the
spectrum with the response function of the spectrometer
used for that spectral region. Unfortunately, these data
have meanwhile been reproduced several times in the lit-
erature [24,25].
An overview over a series of liquid argon-xenon spec-
tra where xenon was added at 5 different concentrations
to argon before condensation is shown in Fig. 2. It demon-
strates that only a very small amount of 10 ppm xenon is
necessary to maximize the intensity of the newly found
1.18µm emission band. The different mixtures and the
corresponding results could be reproduced very well (± 10%)
in a series of experiments. A double logarithmic plot of
the wavelength-integrated intensity of the emission versus
xenon concentration is shown in Fig. 3 (black dots).
A detailed gas kinetic study using pulsed excitation
and a time-resolved measurement of the light output will
be necessary to determine the rate constants for the energy
transfer from liquid argon to the xenon or argon-xenon
emission band.
The trend of the data can, however, already be ex-
plained by a simple kinetic model which is visualized in
Fig. 4. Argon is excited at a rate RP. Excimer-like states
(Ar∗2) form and decay emitting VUV light (AVUV(127nm)).
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Fig. 2. Electron-beam induced IR emission spectra of 0.1, 1,
10, 100 and 1000 ppm xenon in liquid argon. The most intense
IR emission was found for the mixture with 10 ppm xenon in
liquid argon.
When xenon is added the IR emitting so far unknown
species X∗∗ is formed at a rate R1. For the decay of the
X∗∗-species there is a branching ratio between the IR light
emission (AIR(1.18µm)) and a reaction which transfers the
energy at a rate R2 further on to xenon species for in-
creasing xenon concentrations, most likely Xe∗2, which is
already visible by its decay (AVUV(175nm)) in the liquid
argon spectra with xenon impurities in ref. [3]. Formu-
lating the rate equations for the reactions in Fig. 4 and
performing a fit to the data in Fig. 3 leads to the red
(solid) line shown in Fig. 3. Two-body collisions were as-
sumed for the energy transfer processes. This shows that
the simple model can reproduce the trend in the data.
However, the error in the fit parameters is very large due
to the limited number of data points spread over four or-
ders of magnitude of xenon concentration. We can not
yet quantify the values of the rate constants for the en-
ergy transfer without a measurement of the lifetime of
species X∗∗ (AIR(1.18µm)). An upper limit of the decay
time (90 % to 10 % level) is 8.8µs. This value is estimated
from a wavelength-integrated measurement with a pulsed
electron-beam and is dominated by the response of the IR
detection system.
5 Efficiency Measurement
To judge whether the newly found infrared emission could
be important for particle detector development we have
measured the efficiency of the light output to the best pre-
cision which is presently possible using a setup which was
slightly modified with respect to the spectroscopic studies.
The InAs detector was removed from the monochromator
and placed at a distance of 20 cm from the beam-excited
noble gas mixture. Consequently the IR emission could
be measured with a well defined solid angle and all opti-
cal elements except for the MgF2 exit windows were re-
moved. The electron-beam was periodically switched on
Fig. 3. The plot shows the wavelength integrated IR emission
of electron-beam induced scintillation of liquid argon with ad-
mixtures of xenon at 5 different concentrations (black dots) as
obtained from the data in Fig. 2. The red solid curve shows a
simple model calculation, described in the text. Note the dou-
ble logarithmic scale and that the xenon concentration extends
over four orders of magnitude.
Fig. 4. The flow diagram shows a simple kinetic model to ex-
plain the data shown in Fig. 3 (see text).
and off with a duty cycle of 50% and a repetition rate
of 5 kHz using a pulsing feature available from the power
supply of the electron gun. The signal was amplified by a
factor of 106 with the transimpedance pre-amplifier and
AC-coupled to the lock-in amplifier for steering the beam
into the cell by maximizing the signal. Note that AC cou-
pling is necessary since the signal the detector receives
from the warm environment is about 100 times larger
than the signal from the small electron-beam excited, IR-
emitting spot. For determining the absolute signal the de-
tector output was sent to a storage oscilloscope directly
from the pre-amplifier, digitally filtered (low-pass, -3 dB at
80 kHz) and averaged over 10000 traces. The result is that
a 0.7µA, 7 mW beam (average current, 1.4µA during the
pulses) caused a detector signal corresponding to 10−10 A.
With the sensitivity of 0.5 AW of the detector at 1.18µm
wavelength and a solid angle of 1.6 · 10−6 we find an en-
ergy efficiency of ∼1 % for the IR emission with electron-
beam excitation. This converts into a value of ∼ 10000
IR-photons per MeV electron energy deposited. Assuming
that there is no collective effect in the excitation process
by a particle beam this value should also hold for scintilla-
tion light induced in a particle detector by single electrons.
In the present experiments we found a linear behavior with
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beam current down to 0.2µA during the pulses. For com-
parison, the VUV-emission in pure gaseous argon excited
by 10 keV electrons has an efficiency of (33±4) % [27]. The
VUV intensity in the liquid phase was found to be 59 %
of the intensity in the gas phase [3]. The liquid phase has
a scintillation yield of (1.9 ± 0.3) · 104 VUV photons per
MeV electron energy deposited [3]. In the liquid Doke et
al. found a scintillation yield for 1 MeV electron excitation
of approximately 41000 photons per MeV deposited [28,
29].
6 Discussion
So far we have no clear assignment for the origin of the
strong IR emission which has been found. In the gas phase
the broad and asymmetric emission would clearly be an in-
dication for an excimer-type transition of a bound molecule
to a repulsive lower state. A reliable assignment will re-
quire detailed studies including pulsed excitation and time
resolved spectroscopy as well as correlated spectroscopy in
the VUV. A systematic variation of the xenon admixtures
in small linear steps will show whether the energy trans-
fer occurs as a two- or three-body collision and thereby
whether ArXe∗∗ or Xe∗∗2 is formed. Absorption studies
may also help in that context. Energy transfer processes
from the lighter to the heavier noble gases are of course
well known from the gas phase [30]. There is, for instance,
a whole class of near-infrared lasers using dense noble gas
mixtures as laser media, including Ar-Xe mixtures. They
have been studied in the context of excimer physics as
well as particle- beam [31,32,33,34] and so called nuclear-
pumped gas lasers [35]. In both cases a 1.73µm XeI-line is
a strong and easy to operate laser line [33,34]. To demon-
strate the dramatic change in the emission spectrum be-
tween the gas and liquid phases we show in Fig. 5 a spec-
trum of the cold gas mixture of argon with 1000 ppm
xenon just before condensation. In a series of emission
spectra which were recorded in the gas-phase analogue to
Fig. 2 it turned out that the intensity of the most promi-
nent XeI line (Racah notation: 6s [1½]2 - 6p [½]1) [36] at
0.98µm increases with xenon concentration (see inset in
Fig. 5) compared to the measurements in the liquid phase.
The strong energy transfer from argon to a 6s-6p line in
xenon had been observed before [37,38]. Whether this line
is responsible for the 1.18µm emission (observed in the
liquid phase) and just shifted to this wavelength position,
or completely new energy transfer mechanisms have to be
invoked to explain the 1.18µm band, will have to be stud-
ied in the future. An emission feature in dense gaseous
Ar-Xe mixtures found by Borghesani and coworkers [37,
38] is very similar in shape and with 1.3µm peak wave-
length close to the emission at 1.18µm found here. How-
ever, a simple density related effect shifting the emission
to shorter wavelengths seems unlikely since the emission
is redshifted with increasing pressure [37,38]. The 1.3µm
emission was observed in pure xenon as well as in argon
with a 10 % xenon admixture and was attributed to Xe∗∗2
by the authors of refs. [37,38].
Fig. 5. The electron-beam induced emission spectrum of
1000 ppm xenon in gaseous argon (black line, T=100 K,
p=1255 mbar) is shown as well as the emission spectrum of
10 ppm xenon in liquid argon (red line). In the gas phase there
is a strong energy transfer from argon to xenon visible in the
most prominent XeI line (6s-6p) at 0.98µm. The dependence
of the intensity of this line on the xenon concentration is shown
in the inset.
7 Potential Applications
The discovery of a second region (IR in addition to the
VUV) with strong particle beam induced light emission
from liquid noble gases may be of great importance for
the particle detector development mentioned above. This
is due to the fact that it is normally necessary to iden-
tify the particles which induce the scintillation light on
an event by event basis. Typically two parameters have
to be recorded which depend on the type of the incident
particle to identify the projectiles. Measurements and a
discussion of this issue concerning liquid noble gases can,
for example, be found in one of our previous publications
[4]. Whether a comparison of the intensities or the time
structure of the light emission between the VUV and the
IR will be helpful in that context will be studied in the
future. In this respect it is interesting to note that photo-
multipliers with cathodes sensitive at 1.18µm wavelength
are available so that a scintillation detector with fast and
sensitive detectors for both a VUV and an IR signal could
be realized. Wavelength dependent quenching factors for
other projectiles than electrons will be determined.
For the emission in the VUV we would make the fol-
lowing predictions: the Xe2* VUV band will rise [3] and
the Ar2* emission in the VUV will decrease in intensity
in liquid Ar-Xe mixtures in analogy to gas phase mixtures
[30]. A series of VUV emission spectra for various Ar-Xe
gas mixtures is, e.g., shown in Fig. 7 of ref. [30]. Wave-
length integrated and time resolved measurements of the
emission from xenon-doped liquid argon in the VUV can,
e.g., be found in ref. [39].
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